Thrombosis, or blood clot formation, and its sequelae remain a leading cause of morbidity and mortality, and recurrent thrombosis is common despite current optimal therapy. Protein disulfide isomerase (PDI) is an oxidoreductase that has recently been shown to participate in thrombus formation. While currently available antithrombotic agents inhibit either platelet aggregation or fibrin generation, inhibition of secreted PDI blocks the earliest stages of thrombus formation, suppressing both pathways. Here, we explored extracellular PDI as an alternative target of antithrombotic therapy. A high-throughput screen identified quercetin-3rutinoside as an inhibitor of PDI reductase activity in vitro. Inhibition of PDI was selective, as quercetin-3rutinoside failed to inhibit the reductase activity of several other thiol isomerases found in the vasculature.
Introduction
Protein disulfide isomerase (PDI) is the prototypical member of an extended family of oxidoreductases, best known as endoplasmic reticulum-resident enzymes. These enzymes catalyze posttranslational disulfide bond formation and exchange and serve as chaperones during protein folding (1) . Despite having a C-terminal endoplasmic reticulum retention sequence, PDI has been identified at many diverse subcellular locations outside the endoplasmic reticulum. It has biological functions on the cell surfaces of lymphocytes, hepatocytes, platelets, and endothelial cells (2) (3) (4) (5) (6) . Platelets are a rich source of extracellular PDI, expressing this protein on their surface and also secreting PDI in response to thrombin stimulation (5, 7) . Endothelial cells also express PDI upon agonist stimulation or when challenged by a vascular injury (3, 8) .
We have previously shown that PDI is rapidly secreted from both endothelial cells and platelets during thrombus formation in vivo (7, 8) . Inhibition of PDI using neutralizing antibodies blocks thrombus formation in several thrombosis models (refs. 6-9 and L. Bellido-Martin, B. Furie, B.C. Furie, unpublished observations). Inhibition of PDI in these models abrogates not only platelet accumulation at the injury site but also fibrin generation (7, 8) . These observations demonstrate a critical role for extracellular PDI in the initiation of thrombus formation.
The potent antithrombotic activity of neutralizing antibodies directed at PDI indicates that PDI could be a useful target in the pharmacological control of thrombus formation. However, potential complications of inhibiting PDI are the ubiquitous distribution and critical function of intracellular PDI. Chronic PDI silencing is toxic in cultured cells (10) , and PDI-deficient animals have not been developed. In addition, presently available inhibitors of PDI are sulfhydryl-reactive compounds that bind covalently at the CXXC catalytic site (11) ; are nonselective, acting broadly on thiol isomerases (12) ; or are cytotoxic (13, 14) . Identification of new small molecules that interfere with PDI activity but are otherwise nontoxic is required to test the feasibility of targeting PDI for inhibition of thrombus formation.
To identify antithrombotic PDI inhibitors, we screened a small molecule library enriched for bioactive compounds. This screen identified quercetin-3-rutinoside as a selective inhibitor of PDI activity. Quercetin-3-rutinoside is a flavonol abundant in a variety of commonly ingested foods. We found that quercetin-3-rutinoside inhibited thrombus formation at concentrations that are well tolerated in mice and humans. Inhibition of thrombus formation by quercetin-3-rutinoside in mice was completely reversed by infusion of recombinant PDI. These findings demonstrate the feasibility of targeting PDI for inhibition of thrombus formation.
an IC 50 of 6.1 μM (1.1-10.7 μM, 95% confidence interval) ( Figure  1B and Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI61228DS1). Inhibition of PDI by quercetin-3-rutinoside was confirmed in a fluorescencebased reductase assay using oxidized glutathione coupled to dieosin (Di-E-GSSG) (ref. 16 and data not shown). PDI inhibition by quercetin-3-rutinoside was fully and rapidly reversible (Supplemental Figure 1B ), indicating that quercetin-3-rutinoside does not covalently bind PDI. Evaluation of quercetin-3-rutinoside binding to immobilized PDI using surface plasmon resonance indicated a K d of 2.8 μM ( Figure 1C ).
Quercetin-3-rutinoside is a selective inhibitor of PDI. Several thiol reductases have been identified in vascular cells and may be released into the extravascular space. To evaluate the selectivity of quercetin-3rutinoside for PDI, we determined its activity against other oxidoreductases (1) known to be secreted from platelets or endothelial cells (17) . Quercetin-3-rutinoside failed to inhibit ERp5, ERp57, ERp72, thioredoxin ( Figure 3A ), or thioredoxin reductase ( Figure 3B ). These oxidoreductases share with PDI the active-site motif CGHC and display reductase activity similar to that of PDI. However, even at 30 μM, quercetin-3-rutinoside had negligible inhibition (~10%) of other oxidoreductases. Thus, quercetin-3-rutinoside binds to and reversibly inhibits PDI but shows only minimal activity toward other extracellular thiol isomerases present in the vasculature.
Quercetin-3-rutinoside analogs as PDI inhibitors.
Ingested quercetin-3-rutinoside is hydrolyzed to quercetin in the intestine and further modified to other conjugated metabolites of quercetin (18) . We evaluated the ability of common metabolites of quercetin-3-rutinoside and other analogs to inhibit PDI activity. Quercetin-3-glucuronide, one of the abundant quercetin-3-rutinoside metabolites found in plasma, demonstrated an IC 50 of 5.9 μM (3.5-10.1 μM, 95% confidence interval). Isoquercetin, hyperoside, and datiscin, all of which have a 3-O-glycosidic linkage (Figure 2) , also inhibited PDI reductase activity. The inhibitory activity of these compounds was similar irrespective of the nature of glycoside in the 3 position on ring C or the substituents on ring B. In contrast, metabolites that lack a 3-O-glycoside, such as tamarixetin, isorhamnetin, diosmetin, or quercetin, did not inhibit PDI reductase activity, whether or not they were hydroxylated or methoxylated at the 3ʹ and 4ʹ positions on ring B ( Figure 2 ). These studies show that the inhibitory activity against PDI for this group of flavonols is restricted to those with a 3-O-glycoside linkage.
Quercetin-3-rutinoside inhibits platelet aggregation and endothelial cell-mediated fibrin generation in vitro. Antibody-mediated inhibition of PDI blocks platelet aggregation in vitro (2, 4, 5) . Quercetin-3-rutinoside has previously been demonstrated to inhibit platelet aggregation induced by collagen or ADP (19, 20) . In anticipation of in vivo thrombus formation studies in mice, we evaluated the effect of quercetin-3-rutinoside on PAR4-mediated platelet aggregation. We have previously demonstrated that PAR4-mediated platelet activation is required for thrombus formation in vivo in mice (21) . Quercetin-3-rutinoside inhibited aggregation of washed human platelets induced by the PAR4 peptide agonist AYPGKF ( Figure 4A ). Inhibition of platelet aggregation by quercetin-3-rutinoside was completely reversed when platelets incubated with quercetin-3-rutinoside were washed prior to stimulation with AYPGKF ( Figure 4B ). When quercetin-3-rutinoside was infused into mice, platelet-rich plasma obtained from mice demonstrated reduced aggregation in response to AYP-GKF compared with that of mice infused with vehicle alone ( Figure  4C ). These studies indicate that the antiplatelet effect of quercetin-3-rutinoside is maintained after infusion.
PDI is released from HUVECs after laser-mediated activation (8) . When incubated in plasma, these activated HUVECs generate fibrin. Inhibition of PDI blocks fibrin generation in this assay (8) . Incubation of HUVECs with quercetin-3-rutinoside prior to laser-mediated activation resulted in a significant reduction in fibrin formation ( Figure 5 , A and B). However, cell activation, as measured by intracellular calcium mobilization after laser stimulation, was comparable in quercetin-3-rutinoside-treated or buffer-treated endothelial cells (Supplemental Figure 2 ). Thus, quercetin-3-rutinoside blocked fibrin generation at a step distal to endothelial cell activation and calcium mobilization. The inhibitory effect of quercetin-3-rutinoside on fibrin generation was dose dependent, with an IC 50 of approximately 5 μM querce- tin-3-rutinoside and 95% reduction in fibrin at 10 μM quercetin-3-rutinoside (P < 0.001) ( Figure 5 ). Similar inhibition of fibrin generation was observed in the presence of a function blocking PDI antibody ( Figure 5C ). Thus, quercetin-3-rutinoside inhibits both platelet aggregation and fibrin generation in vitro.
Quercetin-3-rutinoside inhibits thrombus formation in vivo. Inhibition of extracellular PDI by neutralizing antibodies blocks thrombus formation in several mouse thrombosis models (7) (8) (9) . To analyze the effect of quercetin-3-rutinoside on thrombus formation, we compared platelet accumulation and fibrin generation after laser injury of mouse cremaster arterioles (22) . Intravenous infusion of quercetin-3-rutinoside resulted in a dose-dependent inhibition of platelet accumulation, with 71% reduction (measured by area under the curve) at 0.1 mg/kg quercetin-3-rutinoside ( Figure 6 , A-E). As observed with anti-PDI antibodies (7, 8) , fibrin generation was inhibited after quercetin-3-rutinoside infusion, reduced to 68% of that of vehicle control with 0.3 mg/kg quercetin-3-rutinoside ( Figure 6 , A-D, and F). Both platelet accumulation and fibrin generation were nearly absent after infusion of 0.5 mg/kg quercetin-3-rutinoside. Quercetin-3-rutinoside also inhibited thrombus formation after FeCl 3 injury. Infusion of 0.5 mg/kg quercetin-3-rutinoside resulted in a 2.2-fold increase (P = 0.003) in occlusion time after exposure of cremaster arterioles to FeCl 3 ( Figure 6G ). This result indicates that the protective effect of quercetin-3-rutinoside during thrombus formation is not model specific.
Since quercetin-3-rutinoside is incompletely absorbed and extensively metabolized after ingestion, we evaluated the effect of quercetin-3-rutinoside administered by oral gavage to assess the antithrombotic potential of ingested quercetin-3-rutinoside and its metabolites in the thrombosis model. In this model, orally administered quercetin-3-rutinoside blocks platelet accumulation, with an IC 50 of approximately 10 mg/kg quercetin-3-rutinoside ( Figure 7A) , and fibrin formation, with an IC 50 of approximately 15 mg/kg quercetin-3-rutinoside ( Figure 7B ). Thus, quercetin-3-rutinoside is an antithrombotic in this model, regardless of the route of administration. Plasma levels of quercetin-3-rutinoside decrease rapidly after either intravenous or oral administration (Supplemental Table 1 ). Given the extensive metabolism of quercetin-3-rutinoside, it is possible that metabolites contribute to its antithrombotic activity in vivo.
PDI is the target of quercetin-3-rutinoside inhibition of thrombus formation in vivo. To evaluate the selectivity of PDI inhibition by quercetin-3-rutinoside during thrombus formation, the antithrombotic activity of diosmetin was evaluated in the thrombosis model. Diosmetin lacks a hydroxyl group at position 3 of the C ring and cannot undergo glycosylation at this position ( Figure 2 ). Consistent with its inability to block PDI activity in vitro, diosmetin had no significant effect on either platelet accumulation or fibrin generation after laser-induced vascular injury ( Figure 8 ). Pharmacokinetic studies demonstrate that diosmetin is cleared more slowly than quercetin-3-rutinoside (23) . Thus, the lack of effect of diosmetin on thrombus formation compared with that of quercetin-3-rutinoside is not secondary to rapid elimination or metabolism. This result demonstrates that a structurally related flavonol that lacks PDI inhibitory activity fails to block thrombus formation in vivo.
We then examined the ability of infused exogenous recombinant PDI to overcome the inhibitory effect of quercetin-3-rutinoside on
Figure 2
Structure-activity relationship of the flavonols and their potency (IC50) of PDI inhibition. Numbers in structure correspond with those in the column headings. thrombus formation. Mice were infused with quercetin-3-rutinoside or vehicle, and then half the mice in each group were infused with a bolus of recombinant PDI prior to laser injury ( Figure 9 ). As before, quercetin-3-rutinoside infusion resulted in reduction of platelet accumulation ( Figure 9 , B and E) and fibrin deposition ( Figure 9 , B and F). This effect was completely reversed in mice that received an infusion of exogenous recombinant PDI ( Figure  9 , C, E, and F). Infusion of exogenous PDI in the absence of prior infusion of quercetin-3-rutinoside did not significantly affect thrombus size or fibrin generation relative to those in untreated mice (Figure 9 , D-F). These results demonstrate that the amount of PDI released by endothelial cells and platelets upon cell activation at the site of injury is sufficient to generate a maximal thrombotic response to the stimulus. They further support the interpretation that impairment of thrombus formation in vivo by quercetin-3-rutinoside is mediated via inhibition of PDI.
Figure 3

Discussion
The identification of quercetin-3-rutinoside as an antagonist of PDI and an inhibitor of thrombus formation validates PDI as a drug target for antithrombotic therapy. Inhibition of PDI using neutralizing antibodies blocks thrombus formation in vivo after carotid artery ligation (9), ferric chloride exposure (unpublished observations, L. Bellido-Martin, B. Furie, and B.C. Furie), or laser injury (7, 8) , demonstrating an essential role for PDI in thrombus formation in multiple models. This observation raises the question of whether small molecule inhibition of PDI could be used to control thrombus formation in vivo, particularly given the advantage that both platelet accumulation and fibrin generation are blocked following inhibition of PDI. Several observations indicated that PDI is the relevant molecular target of quercetin-3-rutinoside in our thrombus formation studies. Quercetin-3-rutinoside selectively inhibited PDI, without significant inhibition of other thiol isomerases that may have been present in the vasculature during thrombus formation. A structurally related analog of quercetin-3-rutinoside, diosmetin, which does not inhibit PDI, failed to inhibit thrombus formation. In addition, the antithrombotic activity of quercetin-3-rutinoside was entirely reversed after infusion of recombinant PDI. Thus, although quercetin-3-rutinoside may have other physiologic properties, the dominant effect of quercetin-3-rutinoside in thrombus formation is to inhibit extracellular PDI function, thereby preventing thrombi from forming after vascular injury.
PDI inhibition prevents both platelet accumulation and fibrin generation during thrombus formation. Although the substrates activated by PDI during thrombus formation remain unknown, candidates have been proposed. PDI has been implicated in α IIb β 3mediated platelet aggregation (2, 24) . Antibodies directed at PDI inhibit platelet aggregation in vitro (4) , and this effect has been attributed in part to the influence of PDI on α IIb β 3 conformation (4, 25). Glycoprotein 1b α contains free thiols and is modified by PDI (5) . PDI catalyzed disulfide exchange also influences adhesion of collagen to α 2 β 1 (26) . Quercetin-3-rutinoside inhibited platelet aggregation in vitro. Moreover, platelet-rich plasma from mice infused with quercetin-3-rutinoside demonstrated impaired aggregation compared with platelet-rich plasma from control mice when tested ex vivo ( Figure 4C) , indicating that the compound directly impairs platelet aggregation. The direct effect of quercetin-3-rutinoside on platelet receptors in vivo, however, remains to be determined.
Fibrin formation after laser-induced injury of arterioles occurs in a platelet-independent manner, and the endothelium is an important source of PDI during thrombus formation (8, 27) . Previous studies using cultured endothelial cells demonstrate that fibrin formation is dependent on endothelial cell-derived PDI (8) . We found that quercetin-3-rutinoside inhibited fibrin formation on cultured endothelial cells with approximately the same potency as it inhibited purified PDI in the insulin reductase assay. Quercetin-3-rutinoside failed to inhibit endothelial cell activation (Supplemental Figure 2 , A-C), and it did not inhibit fibrin formation induced by thrombin (Supplemental Figure 2D) . These observations are consistent with an effect of quercetin-3-rutinoside on PDI. The relevant PDI substrates on endothelium are not known. Thiol isomerase-catalyzed oxidation of an allosteric disulfide bond in tissue factor may convert it from a noncoagulant cryptic state to a procoagulant decrypted state by PDI-mediated oxidation (28) (29) (30) . However, the role of PDI in tissue factor deencryption is controversial and indirect pathways have been proposed (31) . α v β 3 is also a putative PDI substrate on endothelial cells (32), though its role in thrombus formation is not known. Alternatively, extracellular PDI has been invoked in a transnitrosation reaction, enabling delivery of nitric oxide from extracellular to intracellular environments (33) .
The observation that a commonly ingested flavonol and its metabolites are potent inhibitors of PDI indicates the feasibility of targeting PDI without substantial toxicity. Genetic deletion of PDI is toxic to cells (10, 34) . The fundamental role of PDI in disulfide bond formation and protein folding raises the question of whether PDI inhibition can be well tolerated. We found that quercetin-3-rutinoside demonstrates no toxicity in cultured endothelial cells for at least 72 hours at concentrations as high as 100 μM quercetin-3-rutinoside (data not shown). Quercetin-3-rutinoside may lack toxicity because the same glycosidic linkage that is required for inhibition of PDI activity impairs cell permeability. Thus, flavonols with 3-O-glycosidic linkages could preferentially target extracellular PDI.
Plasma concentrations of quercetin-3rutinoside achieved after infusion during thrombus formation studies were substantially lower than concentrations required for inhibition of PDI in vitro. Quercetin-3-rutinoside concentrations detected in vivo were also lower than those required for inhibition of platelet aggregation or fibrin generation on endothelial cells. Several considerations limit the strength of conclusions that can be drawn from a comparison of in vitro and in vivo findings. Foremost among these is the extensive metabolism of quercetin-3-rutinoside in vivo. Exposure to quercetin-3-rutinoside results in the generation of more than 60 metabolites (35) . Many major metabolites, such as quercetin-3-glucuronide, possess a 3-O-glycosidic linkage and are active against PDI, as demonstrated by structure activity relationships (Figure 2 ). In addition, rutinosides are known to bind to the blood vessel wall (36, 37) , where they may maintain antithrombotic activity but not be detected in plasma. Also limiting comparisons between in vitro studies of purified PDI and in vivo studies is the fact that in vitro studies rely on reduction of insulin by PDI while the relevant PDI substrates during thrombus formation in vivo remain to be determined. Thus, while these data are consistent with the possibility that quercetin-3-rutinoside is more potent in vivo than in vitro, it is difficult to draw firm conclusions regarding such a comparison.
Quercetin-3-rutinoside and the other 3-O-glycoside-linked flavonols identified as PDI inhibitors are found in high concentrations in tea, fruits, berries, and buckwheat (38) . Multiple studies demonstrate that chronic administration of dietary flavonols, at concentrations as high as 3,000 mg/kg, has no significant toxicity in animal studies (39) (40) (41) . Dietary flavonols used in clinical trials have also been well tolerated (41) . Epidemiologic studies evaluating the effect of flavonol ingestion on cardiovascular events demonstrate protection from myocardial infarction and stroke with increased intake (42) (43) (44) .
In summary, we identify quercetin-3-rutinoside as an inhibitor of PDI and show that inhibition of PDI potently blocks thrombus formation in vivo. These observations provide proof of principle for targeting extracellular PDI for inhibition of thrombus formation. Other agents that inhibit PDI function, such as juniferdin (14) or bacitracin (45) , also inhibit thrombus formation in vivo (data not shown and ref . 7) . However, these agents are either cytotoxic or nonselective (12, 14) . The fact that quercetin-3-rutinoside is antithrombotic at flavonol concentrations that are well tolerated, based on extensive animal and human clinical literature, indicates that inhibition of extracellular PDI is a safe strategy for inhibition of thrombus formation. Pharmacological regulation of PDI enzymatic activity could prevent thrombosis in the setting of coronary artery disease, stroke, or venous thromboembolism.
Figure 7
Oral quercetin-3-rutinoside inhibits thrombus formation and fibrin generation in vivo. Platelet-specific anti-CD42b antibody conjugated to Dylight 649 (0.1 μg/g body weight) and fibrin-specific mouse anti-human fibrin II β-chain monoclonal antibody conjugated to Alexa Fluor 488 (0.5 μg/g body weight) were infused into the mice. (A) Median integrated platelet fluorescence and (B) fibrin fluorescence at the injury site after oral gavage with quercetin-3-rutinoside 90 minutes prior to injury are plotted versus time, with mice gavaged with vehicle only (black); with 5 mg/kg quercetin-3-rutinoside (red); with 10 mg/kg quercetin-3rutinoside (blue); with 20 mg/kg quercetin-3-rutinoside (green); and with 50 mg/kg quercetin-3-rutinoside (purple). Data are from 30 thrombi in 3 mice for each condition.
Insulin reduction assay. Reductase activity was assayed by measuring the PDI or other thiol isomerase-catalyzed reduction of insulin in the presence of DTT. The aggregation of reduced insulin chains was measured by absorption at 650 nm. The high-throughput screen was performed in a 384-well plate format and a volume of 30 μl in the presence of 0.3 mM DTT, 60 nM PDI, 0.4 μM insulin, and 2 mM EDTA in 100 mM potassium phosphate, pH 7.4, at 25°C. The reaction mixture for subsequent insulin reduction assays contained 100 mM potassium phosphate (pH 7.4), 0.75 mM DTT, 2 mM EDTA, 0.1 mM bovine insulin, and 0.8 μM purified human PDI in a total volume of 135 μl in a 96-well plate. Thioredoxin-1 was used at 3 μM, while ERp5, ERp57, and ERp72 were all used at 0.8 μM. The progress of the reaction was monitored for 30 minutes at 23°C. Quercetin-3-rutinoside or control buffer was added prior to the addition of enzyme at the concentrations indicated. Surface plasmon resonance. The interaction between PDI and quercetin-3rutinoside was measured with a BIAcore T100 system (GE Healthcare) using PBS containing 0.005% P20 (GE Healthcare) and 0.5% DMSO. PDI in 10 mM sodium acetate (pH 5.5) was covalently coupled to a CM5 chip by amine coupling as per the manufacturer's instructions. A control surface underwent the same activation and deactivation in the absence of PDI. Quercetin-3-rutinoside solution at various concentrations was perfused over immobilized PDI at a flow rate of 95 μl per minute for 2 minutes followed by buffer alone, and the resonance changes were recorded. The sensorgram of the immobilized control surface was subtracted from that of the PDI-coated surface, and data were analyzed by BIAevaluation software (BIAcore, GE Healthcare).
Platelet aggregation. Washed human platelets (2 × 10 8 platelets/ml in Hepes-Tyrode buffer, 134 mM sodium phosphate, 2.9 mM KCl, 12 mM sodium bicarbonate, 20 mM HEPES, 1 mM magnesium chloride, 5 mM glucose [pH 7.3]) were incubated with the indicated concentrations of quercetin-3-rutinoside in PBS and 0.1% DMSO at 37°C for 15 minutes and then exposed to 50 μM PAR4 agonist AYPGKF. For studies of mouse platelets, mice were infused with quercetin-3-rutinoside (0.5 mg/kg) or vehicle alone. Five minutes after infusion, blood was obtained by cardiac puncture. Platelet-rich plasma was isolated by centrifugation at 200 g and evaluated for the aggregation in response to 200 μM AYPGKF. Aggregation was measured using a Chrono-Log 680 Aggregation System. Endothelial cell stimulation and immunostaining. Endothelial cells were laseractivated as previously described (8, 47) . Monolayers of HUVECs were cultured on 0.1% gelatin-coated photoetched coverslips (Bellco Glass) until they reached 80% confluence. Prior to laser stimulation, endothelial cells were loaded with Fluo-4. The cells were then immersed in recalcified plasma supplemented with corn trypsin inhibitor (100 μg/ml, Hematologic Technologies) and a specific PDI inhibitory antibody, RL90, or quercetin-3-rutinoside at various concentrations. Individual cells on the etched coverslip were activated with the Micropoint Laser System, and calcium mobilization was recorded. The reaction with plasma was stopped after 15 minutes with 20 mM EDTA, and the cells were immediately fixed in 3% paraformaldehyde for 5 minutes. After fixation, the cells were washed with PBS and stained with anti-fibrin antibody (clone 59D8) or an isotypematched control antibody. Images were captured using a Roper CoolSNAP HQ camera. Thrombin-catalyzed fibrin polymerization assays were performed as described in the Supplemental Methods.
Figure 9
Intravital microscopy. Intravital video microscopy of the cremaster muscle microcirculation was performed as previously described (22) . Digital images were captured with a Cooke Sensicam CCD camera (The Cooke Corporation) connected to a VS4-1845 Image Intensifier GEN III (Video Scope International).
Laser-induced injury. Injury to a cremaster arteriolar (30-to 50-μm diameter) vessel wall was induced with a Micropoint Laser System (Photonics Instruments) focused through the microscope objective, parfocal with the focal plane and tuned to 440 nm through the dye cell containing 5 mM coumarin in methanol (13) . Data were captured digitally from 2 fluorescence channels, 488/520 nm and 647/670 nm. Data acquisition was initiated both prior to and after a single laser pulse for each injury. The microscope system was controlled and images were analyzed using Slidebook (Intelligent Imaging Innovations).
FeCl3 injury. A paper filter saturated with 10% FeCl3 was applied to the mouse cremaster muscle for 1 minute. The filter paper was removed, the tissue was washed using bicarbonate-buffered saline solution, and blood flow was evaluated by intravital microscopy. Time to occlusion was calculated from the time that the FeCl3-saturated filter paper was removed from the tissue to the time that blood flow ceased.
Image analysis. For each thrombus generated by laser injury, a rectangular mask was defined that included a portion of the vessel upstream of the site of injury. The maximum fluorescence intensity of the pixels contained in this mask was extracted for all frames (before and after injury) for each thrombus. The mean value calculated from the maximal intensity values in the mask for each frame was determined and used as the background value. Finally, for each frame, the integrated fluorescence intensity was calculated as per following equation: integrated fluorescence intensity = sum Intensity of signal -(mean of the maximal background intensity × area of the signal). This calculation was performed for all frames in each thrombus and plotted versus time to provide the kinetics of thrombus formation (8, 27, 48, 49) . For multiple fluorescence channels, calculations of background were made independently for each channel. The data from 25 to 30 thrombi were used to determine the median value of the integrated fluorescence intensity to account for the variability of thrombus formation in any given set of experimental conditions. Analysis of quercetin-3-rutinoside plasma levels was performed as described in the Supplemental Methods.
Statistics. A value representing area under the curve was calculated for each curve generated by measurement of fluorescence after laser injury of an arteriole. A Mann-Whitney test was used for statistical comparison of data sets comprised of 30 thrombi formed under each indicated condition. P values of 0.05 or less were considered statistically significant and are indicated. Statistical analyses were performed using Prism software package (version 4, GraphPad).
Study approval. The Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee approved all animal care and experimental procedures.
